**Peroxisome proliferator activated receptors:** In the early 1990s, seminal work on rodent liver demonstrated that the hypolipidemic effect of xenobiotics, referred to as peroxisome proliferators, was mediated by a member of steroid hormone receptor superfamily, thus designated peroxisome proliferator-activated receptors (PPARs) (Issemann and Green, 1990; Dreyer et al., 1992). The research field opened by this discovery led to the identification of three isotypes, namely PPARα (NR1C1), PPARβ/δ (NR1C2), PPARγ (NR1C3), in a wide range of tissues. All these receptors act as ligand-activated transcription factors, binding lipid molecules with different, though overlapping, specificity.

PPARs, as other members of the nuclear receptor superfamily, comprise four domains - one of which binds to specific DNA sequences (PPAR response elements, PPREs) - regulating gene expression as heterodimers with retinoid X receptors (RXRs). PPAR activity is modulated by post-translational modifications, such as phosphorylation, SUMOylation, ubiquitylation, and by several corepressors and coactivators (Feige et al., 2006).

It is now well established that PPARs act as lipid sensors, playing a major role in energy homeostasis, lipid metabolism and ROS production/scavenging, thus being involved in key cell processes, including cell proliferation, death and differentiation. These receptors are regulators of oxidative stress, inflammation and immune response, making them a suitable target for the treatment of chronic inflammatory diseases, diabetes, cancer and neurodegenerative disorders (Feige et al., 2006).

**PPARs in the brain:** In the nervous tissue, the presence of PPARs has been thoroughly described. *In situ* studies have highlighted differential distribution of the three isotypes in the central nervous system (CNS), during pre- and postnatal development, in the adult, and in the course of aging (reviewed by Fidaleo et al., 2014). The expression of PPARs has also been analyzed *in vitro*, demonstrating the presence in all CNS cell types, namely neurons, astrocytes, oligodendrocytes, microglia, as well as in neural stem cells and in cell lines, including neuroblastoma and glioblastoma (Fidaleo et al., 2014). A systematic quantitative and anatomical expression atlas of nuclear receptors, including PPARs in the adult mouse brain has been accomplished (Gofflot et al., 2007). The possibility to cluster these data into anatomical and regulatory networks opens new perspectives towards the understanding of their functions in the brain. As a matter of fact, the roles played by PPARs in the brain are incompletely understood, especially in relation to the isotype-specific mechanisms of action. On the other hand, the largely overlapping action of the three receptors, recently synthesized by Aleshin and co-workers in the "PPAR triad" concept (Fidaleo et al., 2014) should prompt the researchers to equally take into consideration all the isotypes, when studying physiological or pathological models. Despite this notion, the vast majority of investigations has so far dealt with PPARγ and its agonists, while relatively few studies have addressed the role of PPARα and β/δ.

In this perspective, we will focus on PPARα, with special reference to its potential as a therapeutic target against neurodegeneration. Distribution of the receptor in normal and pathological CNS will be briefly reviewed and related with that of its endogenous ligands, in order to provide some insights into the specific roles played in the nervous tissue. We will then discuss established neuroprotective properties of PPARα ligands, as assessed by *in vivo* and *in vitro* models, and their use as stimulators of neurogenesis and neuroregeneration.

**Physiological role of PPARα and its ligands in the brain:** The expression of PPARα and its heterodimeric partner RXRα in different brain areas has been rather extensively investigated at mRNA and protein levels while information on the localization of PPARα endogenous ligands is still limited (Fidaleo et al., 2014). Recognised PPARα natural agonists include saturated and unsaturated fatty acids and their metabolites, derived by either catabolic (*e.g*., intermediates of acyl-CoA β-oxidation pathway and some eicosanoids), or neosynthetic (fatty acid synthase-derived fatty acids) pathways (Chakravarthy et al., 2007; Fidaleo et al., 2014). Interestingly, the endocannabinoid-like molecules oleoylethanolamide (OEA) and palmitoylethanolamide (PEA) have recently been identified as high affinity PPARα ligands, their synthesis being even enhanced by the activated receptor (Fidaleo et al., 2014). Consistent with the functional relationship linking OEA and PEA with PPARα, qualitatively and quantitatively similar patterns of these molecules are found in selected brain regions (*e.g*., neocortex, hippocampus, thalamus, amygdala, hypothalamus, substantia nigra, cranial motor nuclei), involved in diverse behaviors (*i.e*., feeding, motor control, reward system, sleep, memory consolidation). For example, *ex vivo* studies point to a role for PPARα signaling pathway in motor control, as well as in emotional and cognitive brain functions, by negatively modulating nicotine-induced excitation of dopamine neurons in mesocorticolimbic and mesostriatal systems (Melis et al., 2013). Also, investigations employing PPARα null mice demonstrated its involvement in spatial learning and memory, through regulation of cyclic AMP response element binding (CREB) and hippocampal plasticity-related genes (Roy et al., 2013).

Further clues toward the understanding of PPARα function in the brain are provided by studies on the expression of its target genes in different brain regions and neuronal/glial cell populations. Overlapping localization of PPARα with catalase (CAT), superoxide dismutase 1 (SOD1) and acyl-CoA oxidase 1 (ACOX1) has been described by our group (Fidaleo et al., 2014), in keeping with the notion that the expression of these genes is regulated by PPARα. These studies strongly support a CNS role of the receptor in neuroprotection against oxidative damage, by controlling superoxide anion removal (by SOD1), and hydrogen peroxide generation (by SOD1 and ACOX1) and removal (by CAT). Moreover, the involvement of PPARα in brain lipid metabolism is witnessed both by its regulation by fatty acid synthase-produced fatty acids (Chakravarthy et al., 2007), and by its inducing activity towards ACOX1, the rate limiting enzyme of peroxisomal fatty acyl β-oxidation system, and other lipid-regulatory molecules, such as Niemann-Pick disease type 1 C protein, involved in cholesterol trafficking (Chinetti-Gbaguidi et al., 2005). Noteworthy, ACOX1 is not only involved in lipid metabolism, but also leads to the production of acetyl-CoA moieties, necessary for acetylcholine (ACh) synthesis. Thus, in the CNS, PPARα modulates neurotransmission by participating in the synthesis of signaling molecules (H~2~O~2~, lipids, ACh).

The role of PPARα in neural cells other than neurons should not be underrated. Past work from our group documented the presence of PPARα in astroglia, whose essential role in maintaining proper CNS functioning is well recognized. We found increased expression of PPARα and RXRα in astrocytes differentiating from neural progenitors/stem cells, suggesting a role for PPARα in acquiring the metabolic features characterizing astroglial differentiation (Fidaleo et al., 2014). Strong specific expression of PPARα in ependymal cells has been reported in normal and regenerating CNS, while little is known about the physiological role of the receptor in oligodendroglia and microglia (Fidaleo et al., 2014). Nevertheless, an involvement of PPARα in microglial and astroglial activation in response to neurotoxic stimuli is well documented. Indeed, a concerted anti-inflammatory action of PPAR isotypes has been reported after different physical or chemical insults in both *in vitro* and *in vivo* models (Fidaleo et al., 2014). The specific mechanism whereby ligand-activated PPARα blunts inflammation seems to involve non-genomic actions (tethering and/or squelching), leading to inhibition of other pro-inflammatory transcription factors (Feige et al., 2006).

**PPARα as a therapeutic target for neuroprotection and neuroregeneration:** The concept that PPARα activity modulates the redox state and neuroinflammation represents the basis for novel therapies against acute and chronic CNS diseases. Indeed, the different neuropathologies, while affecting select neural cell populations and featuring specific pathogenetic mechanisms, all share as common traits oxidative stress and neuroinflammation. Thus, targeting PPARα may result in beneficial effects in a wide array of neuroinflammatory, neurodegenerative and neuropsychiatric conditions ([**Figure 1**](#F1){ref-type="fig"}), and even in normal brain aging.
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Several *in vivo* experimental models, mimicking human acute pathologies (brain ischemia, traumatic brain injury, whole brain irradiation, LPS-induced neuroinflammation, viral encephalitis, seizures) or chronic progressive neurodegenerative diseases (Alzheimer\'s disease, Parkinson\'s disease, Huntington\'s disease, frontotemporal lobar degeneration, multiple sclerosis), or even neuropsychiatric disorders (schizophrenia, epilepsy) have been so far investigated, testing natural or synthetic PPARα ligands (reviewed by Fidaleo et al., 2014). These include OEA, PEA, the resveratrol derivative pterostilbene, diverse fibrates (fenofibrate, clofibrate, bezafibrate, gemfibrozyl), as well as other structurally unrelated chemicals (Wy-14643, GW7647 and T33). Irrespective of their chemical structures, all PPARα agonists exert neuroprotective properties, in that they reduce brain damage, neurovascular impairment, inflammation, and oxidative stress, resulting in overall amelioration of behavioral symptoms and neuropathological lesions ([**Figure 1**](#F1){ref-type="fig"}) (Fidaleo et al., 2014).

For example, consistent and recent *in vivo* evidence shows that fenofibrate (i) prevents the short-term motor and cognitive poststroke consequences in mice (Ouk et al., 2014); (ii) protects against hypolocomotion, depressive-like behavior, impairment of learning and memory, and dopaminergic neurodegeneration in MPTP rat models of Parkinson\'s disease (Barbiero et al., 2014); (iii) reduces cognitive alterations in a neurodevelopmental rat model of schizophrenia, by ameliorating prepulse inhibition disruption (Rolland et al., 2012); (iv) reduces β-amyloid production in an Alzheimer\'s disease transgenic mouse model (Zhang et al., 2014); (v) reduces or abolishes behavioral and electroencephalographic expressions of nicotine-induced seizures, in a mouse model of epilepsy (Puligheddu et al., 2013).

Similarly to synthetic PPARα agonists, the exogenous administration of naturally occurring molecule PEA (i) ameliorates motor limb function in spinal cord trauma; (ii) reduces infarct size, after transient middle cerebral artery occlusion; (iii) exerts antinociceptive effects associated with changes in thermoceptive threshold; (iv) reverses motor deficits in the MPTP model of Parkinson\'s disease; (v) protects against β-amyloid-induced learning and memory impairment (all reviewed by Fidaleo et al., 2014). Importantly, the primary involvement of PPARα in mediating the effects of several natural and synthetic substances has been validated by the concomitant treatment of *PPARα* null mice. Nevertheless, secondary participation of other signalling pathways, activated by other PPAR isotypes and/or endocannabinoid receptors cannot be ruled out.

At the cellular level, beneficial effects may rely on the direct or indirect action of the receptor towards different classes of organelles. The biogenesis and/or functionality of mitochondria, peroxisomes and even lysosomes are indeed regulated by PPARα and its cofactors (particularly PGC1α), in cooperation with other nuclear receptors (either partners or not for PPARα) (Fidaleo et al., 2014; Ghosh et al., 2015). Interestingly, PPARα agonists exert pro-survival action not only by protecting neuronal cells against neurotoxic insults, but also directly suppressing cell death, lowering the levels of pro-apoptotic molecules, namely activated caspase 3 and apoptosis inducing factor (Fidaleo et al., 2014). This effect is in agreement with the demonstrated control of cell cycle operated by PPARα in several tissues. Moreover, growing evidence suggests a role for activated PPARα in promoting autophagy, as a survival mechanism under stress conditions, in cooperation with other nuclear receptors (Lee et al., 2014).

Importantly, the concept of a role for the receptor in neurogenesis is recently emerging, based on the *in vitro* evidence of its presence in adult neural stem cells, and on *in vivo* studies on models of acute neuropathologies (Fidaleo et al., 2014; Ouk et al., 2014). Indeed, endogenous production of the PPARα ligand OEA and specific PPARα expression in proliferating neural cells was observed after insult. Consistently, fenofibrate was shown to favor brain repair, by preserving and stimulating neurogenesis in damaged areas. Unfortunately, no data are presently available on the involvement of PPARα in neurogenesis during chronic neurodegenerative diseases. Indeed, despite the large body of literature demonstrating disturbances to this process occurring in several pathologies (Mouhieddine et al., 2014) and the effort in developing therapeutic strategies targeting neurogenesis, the beneficial effects of PPARα agonist treatment in neurodegenerative disease models have never been interpreted in view of a pro-neurogenic action of the receptor. Equally lacking are experimental data on the putative role of PPARαin neurogenesis, in either developing, or aging normal brain.

**Perspectives and caveat for PPARα agonist-based therapies:** In summary, the pleiotropic effects of activated PPARα seem to converge on the molecular pathways shared by different brain pathologies and even normal aging - namely, oxidative stress, inflammation, lipid dysmetabolism, defective neurogenesis, abnormal autophagy and cell death. Therefore, our opinion is that PPARα agonist-based therapy, rather than a *panacea*, should be considered as an add on to other pharmacological approaches, targeting disease-specific pathogenetic mechanisms. Noteworthy, validated treatments against neuroinflammation, such as caloric restriction or hypothermia (Buga et al., 2013), may themselves involve activation of PPARα.

In order to customize therapeutic strategies against specific CNS disorders, the effects of PPARα activation in specific neural cell populations, affected by different diseases, need to be further clarified. Studies addressing this issue should also take into account the expression, concentration and cellular/intracellular localization of the receptor in the targeted brain area. Moreover, knowledge of age-, gender- and pathology-dependent variations in PPARα expression, influencing responsiveness of certain neural cell populations to the treatment, may help select the appropriate patient subgroup and window treatment. Our past and recent studies on PPARα distribution throughout the adult brain (Moreno et al., 2004) and on changes of its concentration and localization in select brain areas (namely, hippocampus and neocortex) related to aging and to Alzheimer\'s disease pathology (Fanelli et al., 2013; Porcellotti et al., 2015), may constitute a starting point to get further insights into these relevant aspects.

Given that the nervous system is surpassed in PPARα content by other organs (particularly, liver, heart and kidney), systemic undesired effects of any treatment should not be underrated. Concerning fibrates (particularly, fenofibrate), no relevant side effect has been noted, even though monitoring renal function during treatment is recommended (Munigoti and Harinarayan, 2014). More recent studies point to a promising class of synthetic molecules, acting as dual PPARα/γ agonists, namely Glitazars, which are highly effective as hypolipidemic, hypotensive, antiatherogenic, anti-inflammatory and anticoagulant drugs. Among these, Saroglitazar, with predominant PPARα-mediated activity, is considered novel and unique as it was conceptualized to deliver antidyslipidemic and antihyperglycemic effects without any of the adverse effects of other molecules of its family (Munigoti and Harinarayan, 2014).

**Conclusions:** Clinical trials employing PPARα ligands have so far been limited to the treatment of pathologies unrelated, or only indirectly related, to the brain, while, in our opinion, the time has come to expand these studies to neural disorders. Noteworthy, in humans, PPARα gene polymorphisms are currently being studied, also in relation to their importance as risk factors in specific diseases (namely, Alzheimer\'s disease). These notions will be indispensible for future pharmacogenomics paradigms seeking to predict PPARα agonist responders.

An emerging concept suggests that, considering the complex interplay among PPAR isotypes, RXRs, and the endocannabinoid system, combinatorial therapies, aimed at activating multiple receptors, could be especially effective towards neuroprotection and neuroregeneration.

One of the most critical points remains the selection of window treatment, as well as of drug/s dosage, given the heterogeneity of literature data concerning the above parameters. An effort should be made to unify multiple data sources, to indicate optimal conditions to achieve neuroprotection, which is one important point in the future direction. The rapid development of statistical methodology (*i.e*., cluster analysis, hyerarchical model) provides powerful tools for integrating multi-dimensional data at the analysis stage, in addition to the experimental phase, to purify and compare the treatment effect in a dynamic longitudinal way.
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